Phenotypic variations of an organism or a single cell often arise from alterations of protein interaction networks. We provide here an interaction network of the human SEPT9, an important component of the human septin cytoskeleton.
Introduction
The septins are often named the fourth component of the cytoskeleton and gained a growing attention over the past few years [1] . However, molecular mechanisms on septin assembly are much less understood than those of microtubules, actin filaments and intermediate filaments [2] .
The mammalian genome encodes thirteen different septins (SEPT1-SEPT12, SEPT14) [3] , of which SEPT2, SEPT7 and SEPT9 are nearly ubiquitously expressed, while SEPT1, SEPT3, SEPT12, and SEPT14 are tissue-specific. The remaining septins are expressed widely, but are not present in all tissues [4] . All septin subunits can be sorted into four subgroups based on sequence homology, namely the SEPT2, SEPT3, SEPT6 and SEPT7 subgroup [5] .
In mammalian cells, septins regulate the organization of the cytoskeleton, vesicle transport and fusion, chromosome alignment, segregation, and cytokinesis [6] [7] [8] [9] [10] .
Septins cross-link and bend actin filaments into functional structures such as contractile rings in cytokinesis or stress fibers in filopodia and lamellipodia during cell migration [11] . Mammalian SEPT2/6/7/9 complexes do also interact directly with microtubules [12] .
The basic septin oligomer in mammalian cells is a hetero-octamer composed of the SEPT2, SEPT6, SEPT7, and SEPT9 at a stoichiometry of 2:2:2:2 (9-7-6-2-2-6-7-9).
Septin oligomers polymerize into higher ordered structures such as rings, filaments, and gauzes by end-to-end and lateral joining. The assembly of septins does not only depend on their biochemical properties and posttranslational modifications, but also on intracellular structures and interaction partners.
Given the range of cellular functions associated with septins, it is not surprising that a variety of diseases are linked to loss or gain of septin functions. Abnormalities in septin expression are linked to male infertility, hereditary neuralgic amyotrophy, neurodevelopmental disorders, Alzheimer, and Parkinson [4, [13] [14] [15] .
Especially SEPT9 has been linked to a variety of diseases and to diverse types of cancer including prostate, breast and colon cancer [16] [17] [18] [19] . This member of the septin family is characterized by a number of splice variations. The SEPT9 locus contains 13 exons and encodes at least nine isoforms (according to NCBI Reference Sequences, Gene ID: 10801). The SEPT9 gene has unique characteristics as it as been shown to act as an oncogene, although tumor suppressive properties have been reported as well [20] .
SEPT9 is linked to several intracellular processes. SEPT9 binds and bundles microtubules [12] and plays an important role in cytokinesis by mediating the localization of the vesicle-tethering exocyst complex to the midbody [7] . It interacts furthermore with F-actin and functions as a stress fiber cross-linking protein [21] .
However, for the septins in general and SEPT9 in particular, no targeted high throughput aproaches aiming at systematically deciphering interaction partners have been conducted that could nourish the beforehand described systematic studies.
Nowadays it is established that proteins act in networks and phenotypic variations of an organism or a single cell often arise from alterations of these networks [22] . Thus, experimentally deciphering and understanding the network environment of a protein often complements classic, systematic approaches [23] .
We addressed this issue by applying a quantitative proteomics approach to establish an interactome of SEPT9 in human fibroblast cells. We could identify new interaction partners from the myosin familiy and could provide evidence that SEPT9 participates in vesicle transport from and to the plasma membrane as well as in the attachment of actin stress fibers to cellular adhesions.
Results and Discussion
We employed a SILAC based workflow coupled to affinity purification (AP-MS) [24] for the investigation of the interactome of SEPT9_i1 in human 1306 fibroblast cells.
First, we constructed a TAP-SEPT9 expressing cell line and a GFP-SET9 expressing cell line that served as the control cell line. Both fusion proteins were expressed under the control of a CMV promoter. However, when using tagged proteins in an overexpression system, the correct localization of the tagged protein has to be ensured. We therefore investigated first if consistent expression of tagged SEPT9 interferes with the endogenous septin cytoskeleton by immunostaining the ubiquitously expresssed SEPT7. Both GFP-SEPT9 and TAP-SEPT9 colocalized in filamentous structures with the endogenous septin cytoskeleton (Fig. 1A) . A portion of the tagged SEPT9 was localized to the nucleus. Whether this represents an artifact could not be verified but as we used exclusively the cytoplasmic fraction for subsequent MS analysis this issue was not investigated further. It was already reported that overexpression of GFP-SEPT9_i1 led to pronounced localization to the nucleus in breast cancer cells [16] .
For the identification of septin-interacting proteins, SEPT9 complexes were subsequently affinity-purified from the cytoplasmic fraction in a mixing after purification (MAP) approach that allows also the identification of transient interactors [25] . The TAP-SEPT9 expressing cell line was previously labeled with "heavy" SILAC amino acids. Equal volumes of eluates were combined prior to SDS-PAGE and subsequent LC/MS analysis. Affinity purifications were monitored by Western blot analysis of representative samples taken during the purification process (Fig. 1B) . As expected, TAP-SEPT9 could be detected in the elution from the affinity matrix whereas GSP-SEPT9 could not. The whole AP-MS workflow is summarized in figure   1C .
We performed three independent AP-MS purifications. For each identified protein we calculated a "heavy over light" (H/L) ratio and significance B values (SigB) [26] . The LOG 2 (H/L) reflects the enrichment of a protein in the TAP-SEPT9 purification (H) in comparison to the GFP-SEPT9 purification (L). SigB represents an outlier significance score for log protein ratios which takes the peptide intensities into account.
We considered a protein in a replicate as significantly enriched at a LOG 2 (H/L)>2.
The threshold value for significance according to SigB was 0.05.
Two categories of SEPT9 interacting proteins were initially defined: Class I interactors had a LOG 2 (H/L)>2, were significant according to SigB and were identified in at least two of the three replicates. Only 8 proteins could be assigned to this category. Many bona fide interactors with a high LOG 2 (H/L) ratio were only identified in one replicate. However, a replicate represents a frozen snapshot of both stable and transient interactions with the bait protein in a heterogenous cell population. We consequently definied a second category of interactors with loosened criteria compared to Class I. Class II interactors had a LOG 2 (H/L)>2, were significant according to SigB or identified in at least two replicates. In this category 28 candidates are listed and it accomodates also bona fide transient interactors. All proteins identified as Class I and Class II interactors including their LOG 2 (H/L)>2 ratios are summarized in Table 1 . We subsequently defined a list of candiates for further investigation by complementary experiments:
Other septins were obvious and expected interaction candidates for SEPT9. SEPT2, SEPT7, SEPT8 and SEPT11 were found as Class I interaction partners. The interaction of SEPT9 with SEPT7 and SEPT2 was previously shown by yeast two hybrid and affinity capture experiments, respectively [27, 28] . We did not detect SEPT6 as specific interactor, one of the core subunits of the canonical SEPT2-SEPT6-SEPT7 hexamer. However, the individual members within one septin subgroup can substitute for one of the others within the complex [27, 28] . As SEPT6
and SEPT8 belong to the same subgroup, we conclude that in our cellular system SEPT8 is replacing SEPT6.
The intermediate filament Vimentin was identified as Class I interactor. This protein is highly expressed in fibroblasts and interacts with many proteins inside the cell [29] .
Aminopeptidase N (ANPEP, CD13) is a integral membrane protein with functions in cell adhesion and processing of bioactive peptides [30] . It has a large extracellular domain and a short intracelllar C-terminal tail. We suspected that these two interaction hits were false positives and we could indeed show by IF staining of septins and Vimentin that both intracellular structures do not colocalize (Supplementary Figure 1) . The antibody against ANPEP was not specific (data not shown) and we did not follow up this interaction.
Two LIM domain containing proteins, LMO7 and ZNF185 were detected as Class I SEPT9 interactors. LIM domains contain tandem zinc-finger structures and function as a modular protein-binding interfaces (reviewed in [31] ). Both proteins were shown to associate with actin structures and play a role in cancer progression [32, 33] . One more LIM domain containing protein, LIMA1 (herein from now on referred to as EPLIN, the product of the LIMA1 gene), was identified with a LOG 2 (H/L)>2 in one of the replicates, however below the SigB threshold. We decided to add this protein to the candidate list for further validation.
We found the presence of myosins and myosin associated proteins among the Class II candidates particularly interesting as SEPT9 competes with myosin for binding to the same sites of F-actin [21] . However, a direct interaction of SEPT9 with myosin motors has not been shown yet. Another septin, SEPT2, has been previously reported to interact directly with non-muscle myosin II [34] and thereby enables myosin II activity in interphase and dividing cells.
We screened our data set for further myosin or myosin associated proteins. We identified five proteins, MYO1C, MPRIP, MYH10 and PPP1R12A (MYPT1), with a LOG 2 (H/L)>2. However, these hits were identified each in only one replicate as SEPT9 interactor and they were not siginificant according to SigB. Several more myosin variants with a LOG 2 (H/L)<2 were identified. Among these, we picked one more candidate, MYO6, for further validation as MYO6 is the only reverse direction motor that moves towards the minus end of actin filaments [35] and as MYO6 is involved in targeted membrane transport during cytokinesis [36] .
These myosin and myosin associated were grouped together with EPLIN in another category, manually curated Class III interactors ( We perfomed IF as well in the stably GFP-SEPT9 expressing cell line (Fig. 3 ) as in wildtype fibroblasts using an anti-SEPT7 antibody (Fig. 4) . The results were consistent in both cell lines. For some tested candidates (LMO7, MYLK, ACTN4, CAV1, MYO1B), the respective antibody was unspecific and thus a defined localization was not detectable (data not shwon). FANCI and RRAS did not colocalize with the septin cytoskeleton ( Supplementary Fig. 1 ). In the following, the IF positive candidates are discussed in more detail.
SNAP23 is part of the SNARE complex [37] and involved in docking and fusion of vesicles with their target membrane. It colocalized with SEPT9 at distinct, small dotlike structures at the cell periphery (Fig. 3A , VI and Fig. 4A, V) . In human podocytes it is part of a complex containing SEPT7 and MYH9 [38] . MYH9, the heavy chain of non muscle myosin IIA, is not present in our data set and thus we cannot confirm such a complex in fibroblasts. Other septin subunits, namely SEPT5, SEPT7 and SEPT8, have been reported to participate in vesicle docking to the target membrane [38] [39] [40] . Through SEPT2, septins regulate exocytosis by dynamically interacting with components of the exocytosis apparatus [10] . A contribution of SEPT9 in vesicle transport and docking can be anticipated since other constituents of the vesicle trafficking machinery (VAMP2, VABP, COPA, SEC22B) were already identified in a high throughput MS screen as presumable SEPT9 interactors [41] . (Fig. 3B) . LMO7 is reported to bind the nuclear membrane protein EMERIN which is a key player in Emery-Dreifuss muscular dystrophy. Moreover, it shuttles between the plasma membrane and the nucleus [42] and seems to control mitosis progression and exerts an effect on the splindle assembly chekpoint [32] .
LMO7 is also localized at focal adhesions [43] . Through the outcome of a high throughput interaction screen, LMO7 was linked to the actin cytoskeleton by its presumable interaction with different myosins (including MYO1C), anilin, beta-actin and EPLIN [44] . EPLIN in turn is a regulator of actin dynamics by bundling actin filaments [45] and provides a direct physical link between the actin cytoskeleton, the cadherin-catenin complex in adherens junctions [46] and the septins (see above). It interacts furthermore with CAV1 [47] , one of our bona fide SEPT9 interactors that eluded from IF validation due to the unspecificity of the used antibody.
ZNF185 was previously found to interact with F-actin and to be enriched in focal adhesions [33] . Adherens junctions and focal adhesions are the two anchoring junction systems that have actin as cytoskeletal attachment system whereas desmosomes and hemisdesmosomes are attached via intermediate filaments.
Adherens junctions and focal adhesions connect cells with other cells or with the extracellular matrix, respectively [48] . LMO7, EPLIN and ZNF185 serve as intracellular adaptor proteins in these cell junction systems.
Septins associate with the distal ends of radial stress fibers anchored to focal adhesions. It is supposed that septins mediate the anchoring of radial to transverse arc stress fibers. If this event occurs between fibers of opposing focal adhesions, septins may promote the generation of ventral stress fibres (summarized in [49] ).
We stained ZNF185 and Vinculin, a focal adhesion resident protein, simultaneously in GFP-SEPT9 expressing cells (Fig. 4C) . Indeed, ZNF185 colocalizes with SEPT9 decorated septin filaments as seen before and is enriched in focal adhesions. The focal adhesions seem to be connected by the septin decorated filaments but SEPT9
does not colocalize inside the adhesion complexes. This finding fosters the assumption that anchoring of the septins to the focal adhesion associated fibers is mediated by ZNF185.
Myosin phosphatase targeting subunit (MYPT1) is a non-catalytic subunit of myosin phosphatase and has a number of documented funtions in cytoskeleton organization, cell migration and cytokinesis [50] . It is located along stress fibers in fibroblasts and also to cell adhesions [51, 52] . In a high throughput screen, MYPT1 was found as bona fide SEPT9 interactor [44] . In our cell culture model, MYPT1 colocalizes with SEPT9 decorated filaments spanning almost the whole length of the cell (Fig. 3A, IV and 4A, III).
Another protein interacting with stress fiber associated myosin phosphatase is MPRIP. This interaction is suggested to participate in the recruitment of myosin phosphatase to dephosphorylate myosin light chains on stress fibers [53] . As we found SEPT9 colocalizing with both MYPT1 and MPRIP (Fig. 3A , V and 4A, IV), we suggest that the septins serve in this context as a scaffold that bring myosin phosphatase, its regulatory subunits and its intracelllar substrates in proximity.
Apart from these myosin regulatory proteins, we could show that three myosins motors colocalized with the septin cytoskeleton, MYO1C, MYH10 and MYO6. All are unconventional, non-muscle myosins and are responsible for intracellular movements.
Myosin I myosins (among these MYO1C and MYO1B) act as linkers between the actin cytoskeleton and membranes during exocytosis [54] . MYO1C was found to be required for the insulin stimulated, actin dependent translocation of GLUT4 containig vesicles towards the plasma membrane [55] . A similar context was reported for MYH9 in podocyte cells. Here, GLUT4 vesicle docking was found to be dependent of a complex built of MYH9, SNAP23 and SEPT7 [38] . As we have identified SNAP23
as SEPT9 interactor (see above), it can be anticipated that a similar complex consisting of MYO1C, SNAP23 and SEPT9 exists in fibroblasts. GLUT4 is expressed in dermal fibroblast cells [56] . Indeed, MYO1C colocalized with SEPT9 at the cell cortex (Fig. 4A, I and 5A, I).
MYO6 is an unconventional myosin that moves towards the minus end of actin filaments [35] . It colocalized with SEPT9 with dotted structures inside the cell or with bended filaments below the cortex (Fig. 3A, II and 4B, I ). MYO6 is involved in targeted membrane transport during cytokinesis [36] and in the transport of uncoated endocytic vesicles from the actin rich cell periphery towards the endosome [57] , a process that is also maintained by the septins. Septins were shown to regulate the formation of endocytic carriers at the plasma membrane and participate in endosomal sorting (reviewed in [58] ). Possibly these functions are maintained by the interaction of SEPT9 with MYO6.
Are interactions of MYO6 and MYO1C with SEPT9 direct or mediated by adapter proteins? To answer this questions, we constructed GST fusion proteins of Cterminal tail fragments of these two myosins and performed a pulldown with recombinantly expressed, 6his tagged SEPT9. SEPT9 specifically interacts with both GST-MYO6 835-1294 and GST-MYO1C 809-1063 in vitro (Fig. 4D ).
Another septin, SEPT2, is reported to interact directly with myosin motors, particularly with a tail fragment of non muscle myosin IIA which contains the myosin heavy chain MYH9 [34] . MYH9 was not identified as interactor of SEPT9 in our screen but the heavy chain of myosin IIB, MYH10, showed a colocalization with SEPT9 decorated filaments (Fig. 3A , III and 4A, II). We propose an isoform specific interaction with certain septin subunits -in this case myosin IIA with SEPT2 and myosin IIB with SEPT9. Based on the findings by Joo etc al, we propose also a direct interaction of MYH10 with SEPT9.
The interaction of SEPT2 with MYH9 was found to be important for the stability of stress fibers and loss of the interaction caused instability of the ingressed cleavage furrow in dividing cells [34] . Thus SEPT2 acts in this context as a functional unit 
Materials and Methods

Generation of the constructs
A pEGFP-N1 based expression plasmid for GFP-SEPT9_i1 was kindly provided by Elias Spiliotis (Drexel University, PA, USA). To generate a TAP-SEP9 construct, the GFP sequence was excised with the Nhe1 and BsrG1 restriction sites and replaced by a sequence encoding for a N-terminal TAP tag which was amplified from the plasmid pBS1761 (Euroscarf) (primers 5' gcacgctagcatgataacttcgtatagcatac 3' and 5' gctgtgtacagcttatcgtcatcatcaagtg 3' ; restriction sites underlined).
A mCherry-SEPT9 fusion portein was generated by replacing the GFP sequence by the mfCherry tag which was amplified from an expression plasmid kindly provided by
Helge Ewers (FU Berlin, Germany).
To generate a 6his fusion protein for expression in E.coli, SEPT9 was PCR amplified Cover slips were mounted with fluorescent mounting medium (Dako) and observed using an Observer SD confocal microscope (Zeiss) equipped with 488 nm, 547 nm and 647 nm diode lasers, a 63-fold Plan-Apochromat objective with lens aperture 1.4
and an Evolve 512K EMCCD camera (Photometrics). Image processing was done with the aquisition software of the microscope (Zen Vers. 2 blue, Zeiss) and with ImageJ.
Affinity purification of SEPT9 complexes
Affinity purification of SEPT9 complexes was performed separately for TAP-SEPT9
and GFP-SEPT9 in a "mixing after purification" (MAP) approach.
Cells were grown to 80% confluency in one 175 cm 2 bottle. The medium was aspirated, the cells washed once with PBS and subsequently detached using a cell 
Mass spectrometry
Each SDS-PAGE gel was cut into 14 pieces. Individual pieces were washed thrice by alternating incubation in 50 mM ammonium bicarbonate and 25mM ammonium bicarbonate / 50% Acetonitrile (ACN) for 10 minutes each. Following vacuum drying, samples were reduced with 5 mM DTT for 20 min at RT and subsequently alkylated with iodoacetamide for 20 min at 37 °C. After a second vacuum drying step, proteins were subjected to tryptic digest overnight at 37 °C as described elsewhere [60] .
Peptides were extracted in two rounds by adding 20 µl 0. Database search was performed using MaxQuant Vers. 1.5.2.8 (www.maxquant.org) [26] . For peptide identification, MS/MS spectra were correlated with the UniProt human reference proteome set (www.uniprot.org) supplemented with the sequence of the TAP-SEPT9 construct, employing the build-in Andromeda search engine [62] .
The respective SILAC amino acids were selected, while Carbamidomethylated cysteine was considered as a fixed modification along with oxidation (M), and acetylated protein N-termini as variable modifications. False discovery rates were set on both, peptide and protein level, to 0.01. MaxQuant normalized ratios were used for statistical evaluation. If no ratio was calculated by MaxQuant, ratios were calculated manually in case overall intensity exceeded 1E6 to allow for quantitation of IP-specific proteins. For statistical evaluation, Significance B was calculated using Perseus 1.5.0.15 (www.maxquant.org) with default parameters.
The complete data evaluation results including statistics is provided in Supplementary Table 1 .
In vitro binding assays 6his-tagged SEPT9 was expressed in 250 ml LB medium at 37 °C for 3 h after addition of 0.1 mM IPTG at an OD 6oo of 1.0. The cell pellet was resuspended in 25 ml IMAC A (50 mM KH 2 PO 4 pH 7.5, 300 mM NaCl, 20 mM Imidazole) containing ecomplete protease inhibitor cocktail (Roche) and lyzed by addition of lysozyme and ultrasound treatment.
The crude extract was subjected to IMAC chromatography using a 5 ml HisTrap excel column (GE Healthcare) and an ÄKTA Purifier chromatography system (GE HEalthcare). The protein was eluted from the column in three consecutive elution steps of 15 %, 40 % and 100% IMAC B (50 mM KH 2 PO 4 pH 8.0, 300 mM NaCl, 200 mM Imidazole). We considered approx. 70 % purity after IMAC (judged by eye from a SDS-PAGE gel) as sufficient for further qualitative binding experiments.
The protein was transferred into PBS using a PD10 desalting column (GE Healthcare), concentrated and immediately used for binding assays.
GST-MYO6 835-1294 and GST-MYO1C 809-1063 were expressed in 50 ml SB medium at 18 °C for 20 h after addition of 1.0 mM IPTG at an OD 6oo of 1.0. Cell lysis was performed as described above in PBS and the GST fusion proteins were immbilized onto each 100 µl Glutathione Sepharose (GE Healthcare) from the crude extract. The beads were incubated with 2 µM 6his-SEPT9 for 1h and bound protein was detected after washing and elution from the beads by Western blot analysis using a mouse anti-6his primary antibody (Sigma).
Data availability and supplementary information
The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE [63] partner repository with the dataset identifier PXD010773.
An Excel sheet containg the complete data evaluation results including statistics is provided as Supplementary Table 1 .
IFs of not colocalizing candidate proteins are provided as Supplementary Figure 1 .
A referenced list of all used antibodies is provided as Supplementary immunostained with a suitable primary antibody, followed by an Alexa488 coupled secondary antibody. The endogenous septin cytoskeleton was immunostained by an anti-SEPT7 primary antibody followed by an Alexa555 coupled secondary antibody.
White arrowheads mark colocalizing structures. B) Colocalization of MYO6 and ZNF185 with the endogenous septin cytoskeleton by immunostaining of SEPT9 with an anti-SEPT9 primary antibody followed by an Atto488 coupled secondary antibody.
Due to species incompatibility of the available primary antibodies against MYO6 and ZNF185, these two candidates had to be visualized via an Alexa555 coupled secondary antibody. White arrowheads mark colocalizing structures.
C)
Colocalization of ZNF185, Vinculin and SEPT9 in GFP-SEPT9 expressing cells. immunostained with a suitable primary antibody, followed by an Alexa488 coupled secondary antibody. The endogenous septin cytoskeleton was immunostained by an anti-SEPT7 primary antibody followed by an Alexa555 coupled secondary antibody.
Images were assembled from z-projections. The scale bars represent 20 µM.
